Animal studies have suggested that spontaneous or programmed ventricular beats that occur simultaneously with atrial activation may facilitate atrioventricular (AV) nodal conduction during subsequent atrial impulses. However, this possibility has not been systematically studied in the human heart. In the present study the AV nodal conduction during a programmed atrial premature beat (S2) was analyzed.
measured in 13 patients, eight with NIVC and five with preexisting bundle branch block. With method II, the ERP of the AV node shortened in all but three patients (one with complete RBBB, one with incomplete RBBB and one with complete LBBB pattern), in whom this variable did not change. The findings suggest that intranodal collison from antegrade and retrograde impulses facilitates AV nodal conduction and shortens the ERP. The magnitude of this change is greater at shorter atrial CLs and is probably related to deeper intranodal penetration of a Vs. The shortening in AV nodal conduction and refractoriness is not noted in patients with bundle branch block when retrograde conduction delay or block in the bundle branches coexists with the antegrade counterpart producing delayed or ineffective input of Vs into the AV node. ATRIOVENTRICULAR (AV) nodal conduction and refractoriness in the antegrade direction have been extensively investigated in both animals and man.'-'0 Although several studies have addressed the effects of programmed ventricular premature stimulation on subsequent AV nodal conduction in animals, 9' 11 rarely has such a study been carried out systematically in the human heart. This study was designed to examine the effect of simultaneous AV stimulation on the functional properties of the AV node in man.
Patients and Methods
Twenty-six patients (12 males and 14 females), ages 15-82 years (mean 55.6 ± 16.3 years), were studied because of recurrent ventricular arrhythmias, dizziness or syncope. All were in sinus rhythm and none was taking cardioactive medications at the time of the study. Pertinent clinical data are summarized in table 1. Each patient gave informed consent. Electrophysiological studies were performed with the patient in a nonsedated, postabsorptive state. Under local anesthesia, quadripolar electrode catheters were percutane-ously introduced through the femoral and antecubital veins and were positioned under fluoroscopic guidance, in the region of the tricuspid valve to permit recording of the His bundle potential, and in the right atrium and right ventricle for local recording and electrical stimulation using techniques previously described.7 The intracardiac electrograms (filtered at 30-500 Hz) and three surface lead ECGs and time line were simultaneously displayed on a multichannel oscilloscope (Electronics for Medicine VR-16) and recorded on magnetic tape (Honeywell model 96). Recordings were reproduced on photographic paper at 100 and 150 mmlsec. Intracardiac electrical stimulation was performed using a digital stimulator. During these studies, the patients were isolated and all electrical equipment was grounded.
In all patients, the functional properties of the AV conduction system were studied using two protocols of cardiac stimulation. Method I was the conventional method of antegrade refractory period determination, i.e., introduction of atrial premature beat (S2 or A2) after a series of basic atrial drive beats (S,S, or A,A,). Method II was similar to method I, except that a single right ventricular beat (Vs) was introduced simultaneously with the last beat of the basic drive. The two methods are illustrated in figure 1. Both methods were compared at the longest and shortest possible basic atrial cycle lengths (CLs). The duration of the longest atrial CL was determined by the spontaneous sinus CL.
The shortest CL in individual cases was chosen at Abbreviations: AV = atrioventricular; IHD = ischemic heart disease; LBBB = left bundle branch block; MVP = mitral valve prolapse; R = right; SR = sinus rhythm; SB = sinus bradycardia; SSS = sick sinus syndrome; VPC = ventricular premature complex; VT = ventricular tachycardia. which there was 1:1 AV conduction and the programmed ventricular stimulus still produced a ventricular response.
Definitions and Measurements
A complete set of definitions for antegrade and retrograde conduction and refractory periods has been published. 12 Some definitions pertinent to this report are described as follows:
The AH interval was measured from the onset of low atrial deflection to the beginning of the His bundle deflection during sinus beats and was used to estimate the AV nodal conduction time. During atrial pacing, measurements were made from the onset of stimulus artifact (S) as well as from the low atrial electrogram to the His bundle deflection (SH and AH intervals), respectively. Since the exact beginning of low atrial electrogram during paced beats was sometimes difficult to detect, the SH rather than the AH interval was used for comparative analysis unless a stimulus to atrial response latency was noted.
The effective refractory period (ERP) of the AV node was the longest A,A2 interval at which A2 failed to depolarize the His bundle. The ERP of the atrium was the longest S,S2 interval at which S did not evoke an atrial response.
Statistical Analysis
Statistical evaluation was done using a paired t test. All values are mean ± SD. Statistical comparison were calculated only for patients who demonstrated changes at both longest and shortest atrial basic CLs.
Results
Complete antegrade and retrograde conduction and refractory period data are available in all patients; however, onlydata pertinent to this -study are presented here. AV 
AH Intervals
The AH interval in the 22 patients with normal PR intervals ranged from 50 to 125 msec (mean 86.3 + 20.7 msec). The four patients with first-degree AV block had AH intervals of 200, 180, 170 and 155 msec, respectively, indicating AV nodal delay as the cause of prolonged PR interval.
HV Intervals
The HV interval ranged from 35 to 60 msec (mean 39.6 ± 4.8 msec) for the entire group. The values were not different in patients with or without preexisting BBB.
Antegrade AV Nodal Conduction During Methods I and II
The atrial CLs were scanned with identical atrial coupling intervals during both methods up to the ERP of the right atrium. AV nodal conduction times (S2H2 intervals) were analyzed at the longest and shortest comparable S1S2 intervals that conducted to the His bundle (table 2). S2H2 Intervals at Comparable S1Sj Intervals (table 2) At the Longest CL The longest atrial CL scanned in this group of patients was 600-1200 msec (mean 713.4 + 125.3 msec). At these CLs, the longest comparable S1S2 intervals were 350-800 msec (mean 501.1 + 122.7 msec). The corresponding S2H2 interval values were 100-310 msec (mean 193.2 ± 26 msec) during method I and 90-290 msec (mean 177.6 + 47.1 msec) during method II. At the same SIS2, all except patients 21-24 and 26 showed a smaller S2H2 interval with method II; the shortening in S2H2 was 10-90 msec (mean 22.8 + 20.5 msec) (figs. 2A and B, table 2), which represented a decrease of 3-32%. The remain-ing five cases showed no change in the S2H2 intervals with method II compared with method I. At the shortest comparable S,S2 intervals (range 240-600 msec, mean 348.4 + 94.5 msec), the S2H2 intervals were 130-360 msec (mean 260.9 + 59.7 msec) during method I and 120-320 msec (mean 230.5 + 49.2 msec) using method II. All but four patients (nos. 21-23 and 26) showed a decrease in the S2H2 intervals with method II; the other four showed no change. The range of S2H2 shortening was 10-140 msec (mean 40.7 + 36.2 msec), which reflected a change of 4 41 %. None of the patients showed a greater S2H2 interval with method II than with method I at any time.
At the Shortest CL
The duration of the shortest atrial CLs that were scanned was 400-700 msec (mean 537.6 + 78.3 msec). At the longest comparable SIS2' the S2H2 values were 130-350 msec (mean 210.9 + 51.5) with method I, and 120-280 msec (mean 192.1 + 40.6) with method II. All except patients 21-23 showed a decrease in the SAH interval with method II (figs. 2C and D). The S2H2 shortening was 5-90 msec (mean 29.0 ± 19.9 msec), representing a decrease of 2-26% compared with method I. At the shortest comparable S,S2 intervals (range 200-480 msec, 326.5 + 95.8 msec), the S2H2 intervals were 180-405 msec (mean 280.6 ± 54.6 msec) with method I and 150-340 msec (mean 241.6 + 47.0 msec) with method II. Again, a smaller S2H2 interval was noted with method II in all except four patients (nos. 21-24). The S2H2 shortening was 15-130 msec (mean 42.5 + 29.1 msec), representing a decrease of 5%. (table 2) The ERP of the AV node was recorded in 13 patients, and in the other 13 patients, the ERP of the atrium exceeded the ERP of the AV node. In patient 10, the ERP of the AV node was determined only at the longer CL tested, whereas in patients 1 and 23, it could be measured only at the shortest CL tested. The ERP of the AV node in the remaining 10 patients could be determined at both the longest and the shortest CLs tested.
ERP of the AV Node

Longest Atrial CL
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All electrophysiologic measurements are in milliseconds.
Abbreviations: AVN = atrioventricular node; BCL = basic cycle length; ERP = effective refractory period; I = method I; II = method II; SCL = sinus cycle length; A = change. < indicates that the ERP-AV node measured less than the shortest SIS2 available and these values were used to calculate the change and percent shortening. figure  2 . The basic atrial drive in all panels in 700 msec. The effective refractory period of the atrioventricular node (ERP-AVN) during method I and panels C and D shows ERP-AVN during method II. With method I, the ERP-AVN is 600 msec (B) and 460 msec during method HI, a 23% decrease.
A v VOL 67, No 3, MARCH 1983 (fig. 3 ). The degree of shortening ranged from 10 to > 100 msec,* representing a percent decrease of 3% to > 26%. In patients 21 and 26, the ERP of the AV node was the same with either method.
Shortest Atrial CL The ERP of the AV node was recorded in 12 patients (nos. 1, 5, 8, 15-19, 21, 23, 25 and 26). The ERP of the AV node with method II did not change in three patients (nos. 21, 23 and 26) and decreased in nine (by 20 to > 140 msec, i.e., a shortening of 5% to > 41% ( fig. 3 ).
Effect of First-degree AV Block
In the four patients with first-degree AV nodal block (nos. [15] [16] [17] [18] , the ERP of the AV node was reached at longer SIS2 than in the patients with a normal PR interval. The relative shortening in AV nodal conduction time and ERP of the AV node using method II in these patients was not significantly different from that in patients with normal PR intervals.
However, at shorter CLs, which were associated with longer S1H, intervals (table 2), the degree of S2H2
shortening with method II was greater at longer as well as shorter S1S2 intervals in most patients. Similarly, the decrease in the ERP of the AV node with method II was greater at shorter CLs than at longer CLs (table 3) .
( Table 3 lists the values only of patients in whom the changes were noted at both CLs.)
Effect of Bundle Branch Block
Two of the three patients with LBBB (nos. 19 and 20) showed results similar to patients with narrow QRS, i.e., S2H2 and ERP of the AV node became *The " >" sign indicates that the ERP of the AV node shortened by an amount greater than the shortest available SIS2 intervals.
shorter using method II. In the third patient (no. 21), there was no change in either variable with method II (fig. 4 ). This patient also demonstrated intermittent antegrade block in the His-Purkinje system and retrograde LBBB as well as RBBB during ventricular premature stimulation (i.e., no H2 followed V2 of any V1V2). On the other hand, in two of three patients with a complete RBBB pattern (nos. 22 and 23), the S2H2 interval with method II did not change at either the longest or the shortest atrial CL, even though retrograde conduction through the left bundle branch was intact in these two patients. In case 24, a 15-msec shortening in S2H2 was noted with method II at the longer CL.
In patient 25, who had an incomplete RBBB pattern, the decrease in S2H2 with method IL was similar to that in patients with narrow QRS complexes, whereas patient 26 showed no change at longer but a 40-msec decrease in S2H2 at shorter CLs.
Effect of Vs Alone
Omission of last Si resulted in retrograde atrial capture from Vs in all the 13 patients who had intact ventriculoatrial conduction such that the S2 was frequently within the atrial ERP. However, the effect of Vs alone was tested in seven of the remaining 13 patients who demonstrated retrograde AV nodal block with isolated Vs. Compared with both methods I and II, Vs alone produced longer S2H2 delays ( fig. 5 ) in all seven.
Effect of Simultaneous Pacing on the Atrial ERP
Atrial ERP was the same with both methods.
Discussion
Our results strongly suggest that introduction of a Vs simultaneously with the last A1 produces shortening of AV nodal conduction and the ERP during A2. Before addressing the underlying electrophysiologic mecha- . Comparison of methods I and II in a patient with left bundle branch block. Panels are arranged as infigure 2. The basic atrial drive is 550 msec in allfour panels. Panels A and B show method I and panels C and D method 11. The S,H, in allfour panels is constant at 210 msec. After introduction ofa single ventricular beat (Vs), the S1H, still measures 210 msec, indicating that the Vs did not reach the His, and consequently, it did not affect the subsequent S212 interval (C and D). Similarly, no change in the effective refractory period of the atrioventricular node (ERP-AVN) is noted after method HI compared with method I (B and D). nisms, it is important to examine whether retrograde AV nodal penetration of Vs with or without its subsequent intranodal collision with the atrial impulse caused the phenomena.
In patients with normal intraventricular conduction, paced right ventricular impulses are expected to reach the AV node through the RBB. If the retrograde impulse can activate the His bundle before its anticipated antegrade depolarization, then intranodal penetration of Vs should occur. Since the retrograde depolarization after Vs was not identifiable in most cases, the Vs-H interval could not be directly compared to the antegrade S,H,. However, the range of antegrade S Hj intervals noted in this series at the longer CL exceeded the usual retrograde His-Purkinje system conduction time during constant CL pacing from the right ventricle.7 It has also been reported that even closely coupled Vs during atrial drive generally are not associated with significant retrograde delays in the His-Purkinje system.'4 Therefore, one could assume that during this study, the Vs did reach the AV node in patients with normal intraventricular conduction and intact retrograde conduction along the RBB. Intranodal penetration of Vs would be even more likely at shorter paced atrial CL, since the latter are associated with longer antegrade S,H, intervals and shorter refractoriness of the His-Purkinje system. That the results were related to intranodal penetration of Vs is also supported by the observation that two of three patients with antegrade complete RBBB pattern and one patient with intermittent infranodal AV block showed no change in the antegrade AV nodal conduction with method II. The results in these three may have been caused by coexisting retrograde conduction delay or RBBB such that the His activation occurred via the A, rather than the Vs impulse."5 Similarly, relatively intact retrograde RBB conduction in two of three patients with LBBB and one of two patients with incomplete RBBB can also explain why these cases showed shortening of AV nodal conduction and refractoriness similar to those with normal interventricular conduction.'5 A greater magnitude of change in AV nodal conduction and refractoriness noted at shorter rather than longer CLs can be best explained by deeper AV nodal penetration of Vs at shorter CL. The latter is not unexpected and is related to an increase in the antegrade S,H at shorter CLs without a concomitant increase (or even decrease) in the retrograde conduction time within the His-Purkinje system during Vs. Shortening of atrial CL per se does not produce an abbreviation of AV nodal refractoriness. In fact, an inverse relation between the basic atrial CL and AV nodal refractoriness is frequently noted.7 '8 One might argue that the shortening of AV nodal conduction and refractoriness noted in these cases may be related to sympathetic stimulation with Vs. Similar- . However, with omission of last SI (Al) in panel C, the S2 isfollowed by S2H2 of310 msec, which is even longer than that in panel A. This suggests that occurrence of last A1 simultaneously with Vs shortens atrioventricular nodal conduction during the subsequent S2. ly, a greater change in AV nodal conduction and refractoriness could be due to additional sympathetic stimulation secondary to faster heart rates. However, during cardiac pacing, sympathetic stimulation is generally reflex-mediated and the response is not immediate.'6 Atrial pacing at shorter CLs did not shorten the AV nodal conduction measurements during this study; in fact, the S,H,, S2H2 at comparable S152 intervals were frequently longer at shorter as compared with longer CLs during method I. It seems logical to conclude, therefore, that introduction of Vs did indeed produce the shortening of AV nodal refractoriness during this study.
Another relevant issue is whether retrograde penetration of Vs per se produced the change or whether concomitant AV nodal activation from atrial impulse was necessary to shorten refractoriness of the AV node. An isolated ventricular premature beat, while failing to conduct to the atria, may result in prolongation of AV nodal conduction or block of subsequent sinus impulses within the AV node (retrograde concealed conduction in the AV node). This hypothesis was tested in seven of 13 patients with no ventriculoatrial conduction (retrograde AV nodal block) and Vs alone produced longer AV nodal conduction during S2 ( fig. 5 ) compared with either method I or II. These findings suggest that simultaneous activation of the AV node from both atrial and ventricular impulses contributed to the shortening of AV nodal conduction and refractoriness. Programming of VS alone was not performed in many of the patients in this series, and no final conclusions can be drawn in this regard.
Electrophysiologic Mechanisms
Although present data suggest the simultaneous AV nodal penetration from atrial and ventricular impulses produced the noted changes, these results do not provide direct insight into the underlying cellular mechanisms for the observed phenomena. Several explanations, however, could account for these results.
In the isolated rabbit AV node, Zipes et al. 17 demonstrated that the dV/dt and amplitude of action potential of cells within the N region was larger during an intranodal collision of impulses originating in the atrium and His bundle than during atrial or His pacing alone. This effect, which was attributed to summation of the two impulses and the resultant change in the characteristics of action potential, could produce facilitation of local recovery and consequently conduction of subsequent impulse through the N region of the AV node. In the present study, although the precise level of intranodal collision could not be controlled, a deeper penetration by retrograde impulse was expected at shorter CLs, resulting in a higher level of intranodal collision than at longer CLs. Since greater shortening in AV nodal conduction occurred at shorter CL, Vs may have more frequently reached the area of greater physiologic delay at the shorter CLs.
An alternative explanation might be that simultaneous activation of AV node from atrial and ventricular impulses shortened the total time needed to depolar-ize the AV node and consequently shortened the recovery time. Facilitation in the recovery of excitability of the area penetrated by Vs as a result of its earlier depolarization (as compared to A1 alone), could enhance AV nodal conduction and shorten refractoriness." 18 Clinical Implications Previous studies on animal models have shown that retrograde excitation simultaneous with, or before an atrial impulse can facilitate subsequent AV nodal conduction, and this phenomenon could explain some forms of so called supernormal conduction in the AV node.11 17 18 The present study demonstrates the occurrence of enhanced AV nodal conduction and shortening of AV nodal ERP after Vs in the human heart as well, probably by similar mechanisms. This study also extends our previous observations that shortening of AV nodal refractoriness is partly responsible for the prevention of AV nodal reentry tachycardia induction with A2 when simultaneous AV pacing is used during the basic drive as opposed to atrial pacing alone.'2 Another clinically relevant aspect of this study is the observation that in patients with retrograde RBBB (with or without antegrade RBBB), isolated ventricular premature complexes may have difficulty in penetrating the AV node. Underdrive ventricular pacing in such cases, therefore, may be less effective in terminating AV nodal reentrant tachycardia, a method previously used for termination of this arrhythmia. 19 SUMMARY Total body surface maps from 15 subjects with left bundle branch block and normal axis (LBBB-NA) and 10 subjects with left bundle branch block and left axis (LBBB-LA) were analyzed and compared with maps from normal subjects. In 19 of the 25 subjects with LBBB, the timing of early upper sternal positivity was similar to that of normal subjects, indicative of timely but oppositely directed septal activation. The right ventricular breakthrough was normally located in all, but was earlier after the onset of QRS than expected in some. The initial portion of the positivity produced by left ventricular activation was located in the upper anterior chest in both LBBB-NA and LBBB-LA, but its onset was generally delayed compared with that in normal subjects, presumably because of the time taken by the right-to-left septal activation. Also, the total duration of this positivity was longer than in normal subjects and extended considerably beyond 90 msec, indicating prolonged activation of the anterior free wall of the left ventricle. In LBBB-NA, this upper anterior positivity remained anterior throughout depolarization, but in LBBB-LA it moved toward the left shoulder and the left upper back, presumably due to the posterior orientation of the terminal portion of depolarization. This terminal orientation in patients with LBBB-LA was thought to be due to the additional delay in the activation of the anterobasal portion of the left ventricle caused by selective involvement of the left anterior fascicle. THE ALTERATIONS in the ventricular depolarization produced by left bundle branch block (LBBB) have been basically understood for a long time. 1 Recently, additional knowledge has been gained from studies based on recordings of the epicardial and endocardial spread of excitation. -7 In this report, we describe the depolarization process in LBBB as deduced from total body surface mapping, as well as the distinguishing features of LBBB with normal axis (LBBB-NA) and with left-axis deviation (LBBB-LA).
Comparison of Total Body Surface
Methods
Total body surface maps were recorded in 25 subjects in whom an electrocardiographic diagnosis of left bundle branch block was made from the presence of a total QRS duration of 0. 12 second or more, absence of a Q or an S in leads I, aVL, V5 and V6, and the presence of an RR' pattern in V5 and V6.I Fifteen subjects had a normal frontal QRS axis of + 900 to -290 (LBBB-NA) and 10 a left axis of -30°or less (LBBB-LA). The LBBB-NA subjects were 45-95 years old (mean 67 years) and 11 were males. All the -subjects in this group had clinical evidence of left ventricular dysfunction and five had cardiac catheterization evidence of severe three-vessel coronary artery disease. The subjects in LBBB-LA group were 33-81 years old (mean 62 years); five were males and five females. Similarly, all the subjects in this group had clinical evidence of left ventricular dysfunction, and one also had hypertrophic obstructive cardiomyopathy.
In addition to the clinical data, chest x-rays, cardiac catheterization data in six, ECGs and vectorcardiograms in most, total body surface maps from 140 sites were recorded. No intracardiac electrophysiologic studies were performed. CIRCULATION 
